INTRODUCTION
============

In the last years, restorative dentistry has undergone an exponential evolution. One of the greatest advances was the synthesis of Bis-GMA molecule (2,2-bis\[4-(2-hydroxi-3- methacrylyloxypropoxy)phenyl\]propane) and introduction of a surface treatment technique of filler particles using a silane agent[@B05]. This evolution allowed the development of restorative composite materials with excellent physical and chemical properties, and better clinical performance. However, the presence of two aromatic rings and inherent high molecular weight of Bis-GMA molecules make this monomer present low mobility and increased viscosity, thus reducing the capacity of filler incorporation and degree of monomer conversion in composite materials that have this molecule as part of their organic matrix[@B11]. Therefore, low molecular weight monomers, such as TEGDMA (triethyleneglycol dimethacrylate), are added to the organic matrix to reduce viscosity and enhance filler particle concentration[@B02],[@B06]. Other organic matrices were also developed in an attempt to improve the properties of resin composites. UEDMA (1,6-bis (methacrylyloxi-2-ethoxycarbonylamino)- 2,4,4-trimethylexane) is a monomer that presents long linear chain without aromatic rings, thus presenting more flexibility than Bis-GMA, and consequently greater degree of conversion[@B27]. Non-hydroxylated monomers, such as Bis- EMA (2,2-bis\[4-(2methacrylyloxyethoxi)phenyl\] propane) were introduced to reduce water sorption by the organic matrix, leading to enhanced mechanical properties[@B28]. The organic matrix of present light-cured resin composites are constituted of a mixture of all these monomers in varying proportions[@B23]. In conjunction with type, size and concentration of filler particles, this organic matrix has direct influence on the degree of conversion and mechanical properties of composite materials[@B01],[@B13].

Nowadays these materials are polymerized using halogen light-curing units that irradiate blue light with a wavelength between 400-500 nm. These units may allow constant light irradiation or present progressive modes that initiate with a low irradiation and reach values around 900 mW/cm^2^ [@B15]. However, disadvantages related to this type of light-curing method may be heat generation during material polymerization, which may cause damage to pulp tissues, and loss of efficiency due to bulb wear, resulting in a reduction in the degree of conversion and mechanical properties of the material[@B19].

Recently, light-curing units that present light emission diodes (LEDs) have been advocated as presenting greater efficacy on the polymerization of light-cured composites[@B14],[@B30]. These units irradiate light with a wavelength close to 4680 nm, which is the absorption peak of camphorquinone, a photoinitiator present in most present composites. Advantages related to these light-curing units may be absence of heat generation during material polymerization and improved life.

This study evaluated the depth of cure of five resin composite materials with different compositions, submitted to three light-curing modes. The hypothesis was that the organic monomer matrix composition, type and concentration of filler particles and light-curing method would influence the depth of cure of resin composite materials.

MATERIAL AND METHODS
====================

The present study was approved by Research Ethics Committee (Medical Science Center -- Federal Fluminense University).

Five light-cured dental composites with different formulations were tested in this experiment: P-60, A-110, Admira, Supreme and Z-250. Composite compositions can be found on [Table 1](#t01){ref-type="table"}.

###### Composition of dental composites used in the study

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Composite   Manufacturer                                   Composition
  ----------- ---------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  P-60        3M ESPE, St Paul, MN, USA                      Filler: 61% in volume and 83% wt of zircon silicate particles with distribution between 0.01 -- 3.5 mm and mean particle size of 0.6μm\
                                                             Organic matrix: Bis-GMA, Bis-EMA, TEGDMA, UDMA

  Admira      Voco, Anton-Flettner-Str., Cuxhaven, Germany   Filler: 3% apatite-sulfate-phosphate and 77% inorganic glass particles Ormocer matrix: polysiloxane -Si-O + methacrylate monomers

  Z -250      3M ESPE, St Paul, MN, USA                      Filler: 60% in volume and 77.6% wt of zircon silicate particles. Mean particle size of 0.6μm\
                                                             Organic matrix: Bis-GMA, Bis-EMA, TEGDMA, UDMA

  Supreme     3M ESPE, St Paul, MN, USA                      Filler: 78.5% wt of non-agglomerated silica nanoparticles with mean size of 20 nm, and nano agglomerations composed of zircon-silica particles with a size varying from 5 to 20 nm. Mean agglomeration size varied from 0.6 to 1.4μm.\
                                                             Organic matrix: Bis-GMA, Bis-EMA, TEGDMA, UDMA

  A-110       3M ESPE, St Paul, MN, USA                      Filler: 56% wt or 40% in volume of silica particles with mean size of 0.04μm (varying from 0.01 to 0.09μm).\
                                                             Organic matrix: Bis-GMA and TEGDMA.
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Specimen preparation
--------------------

Thirty recently extracted sound human molars were maintained refrigerated in 1% chloramine solution for disinfection for a maximum period of 1 month prior to the experiment. Buccal and occlusal surfaces were flattened in a polishing machine (DPU-10, Struers, Copenhagen, Denmark) using 150 and 600-grit sandpapers (3M, Campinas, SP, Brazil) under water refrigeration, until a superficial flat dentin surface was exposed. Canal-shaped cavities with 5 mm of length were prepared on the buccal surfaces of the molars, using a 4103 cylindrical diamond bur (KG, Alphaville, São Paulo, SP. Brazil). Half of the teeth received 3 cavities and the other half 2 cavities. Cavities were restored with dental composite and the buccal surfaces of the teeth were covered with a polyester strip and an additional molar that had one of its surfaces flattened, allowing light penetration only by an occlusal opening during light-curing procedures. The additional molar was maintained by manual pressure and the composites were light-cured according to the following experimental protocol: Group 1 -- Conventional (C): constant irradiation of 500 mW/cm^2^/ 40 s (Degulux Soft-Start, Degussa-Hüls, Hanau, Germany); Group 2 -- Soft-Start (SS): 250 mW/cm^2^/ 20 s + 500 mW/cm^2^/ 20 s + 500 mW/cm^2^/ 10 s (Degulux Soft-Start, Degussa-Hüls, Hanau, Germany) and Group 3 -- LED: constant irradiation of 250 mW/cm^2^/ 40 s (Ultraled, Dabi Atlante, Ribeirão Preto, SP, Brazil). Five cavities were prepared for each group, using a molar with 3 cavities and the other one with 2 cavities. Light intensities were monitored using a radiometer (Model 100, Demetron Research Corp., Danbury, CT, USA). After curing, the additional molar was removed and the specimens were stored in distilled water at 37°C for 7 days to allow relaxation of stresses generated during composite polymerization.

Evaluation of depth of cure
---------------------------

After the storage period, teeth were embedded in PVC tubes using epoxy resin (Trok-Dente, Prodens, Rio de Janeiro, RJ, Brazil), so that buccal surfaces were resting against glass slabs. After polymerization, cavity surfaces were polished in a polishing machine (DPU-10, Struers, Copenhagen, Denmark) using 600, 1200 and 4000-grit sandpapers (3M, Campinas, SP, Brazil). A scale of 1.0-1.0 mm was then made on the polished longitudinal section of each composite restoration with the aid of a stereoscopic microscope (SZ 40, Olympus, Tokyo, Japan), under 20x magnification. Five indentations for KHN assessment were performed at each millimeter of each specimen under 20 g load, penetration period of 15 s and depth of 4 mm (2003, Buehler, Lake Bluff, USA).

Statistical analysis
--------------------

The original data were analyzed using Statgraphics 5.1 Software. The KHN was the dependent variable, whereas depth of cure, composite resin materials and light-curing modes were independent factors. A normal distribution was verified and data were submitted to three-way ANOVA and Fisher\'s LSD test (α = 0.01).

RESULTS
=======

The results of KHN are summarized in [Table 2](#t02){ref-type="table"}. Threeway ANOVA revealed a statistically significant difference among resin composites (p\<0.01), so that according to Fisher\'s LSD test, differences occurred among all tested materials (A 110 \< Admira \< Z 250 \< Supreme \< P 60). Regarding light-curing modes, values obtained for C and SS were statistically similar (p\>0.01), but superior to those found for LED (p\<0.01). P-60 and Admira demonstrated better performance when submitted to the conventional light-curing technique (p\<0.01). A-110 showed similar values when submitted to C and SS light-curing modes, whereas the same was verified for Z 250. Similar behavior was noticed for Supreme when submitted to SS and LED light-curing modes (p\>0.01). [Table 2](#t02){ref-type="table"}shows that, except for A-110 with C and SS, P 60 with C and Z 250 with SS and LED light-curing modes, all other groups presented similar KHN values from first to second millimeter (p\>0.01). Moreover, except for Z 250 with C and P 60 with SS light-curing modes, there was a statistical difference between KHN values from first to third millimeter (p\<0.01).

###### KHN ± SD according to resin composite, light-curing mode and depth of cure

  Depth of cure          P 60             Supreme          A 110            Admira             Z 250
  ---------------------- ---------------- ---------------- ---------------- ------------------ ------------------
  **Conventional (C)**                                                                         
  1 mm                   98.9^a^(2.3)     72.7^b,c^± 5.2   62.8^b,c^± 2.4   71.2^a^± 2.8       72,3^b,c^± 4.1
  2 mm                   86.7^b^(5.0)     69.5^c,d^± 1.3   53.0^d^± 2.9     66.1^a,b^± 2.2     72.3^b,c^± 2.1
  3 mm                   81.9^c^(5.0)     66.1^d^1.8       50.4^d^± 4.8     62.5^b,c^± 3.1     69.5^c,d^± 1.4
  4 mm                   78.1^c^(1.0)     59.3^e^± 3.9     41.5^e^± 1.3     56.9^d,e^± 1.9     67.8^c,d,e^± 4.2
  **Soft-Start (SS)**                                                                          
  1 mm                   83.2^c^± 2.9     86.4^a^± 2.8     69.7^a^± 5.5     66.6^a,b^± 3.0     83.5^a^± 6.3
  2 mm                   79.9^c^± 3.5     82.1^a,b^± 2.5   61.5^b,c^± 4.7   61.8^b,c,d^± 2.8   76.5^b^± 4.7
  3 mm                   78.0^c,d^± 2.2   76.9^b^± 4.0     53.9^d^± 6.1     52.8^e,f^± 5.4     68.5^c,d^± 4.8
  4 mm                   69.7^e,f^± 1.1   66.1^d^± 4.1     41.4^e^± 5.4     43.5g ± 8.0        62.5^e^± 2.6
  **LED**                                                                                      
  1 mm                   74.0^d,e^± 5.1   85.8^a^± 6.5     62.5^b,c^± 3.7   66.6^a,b^± 6.1     70.9^c^± 5.2
  2 mm                   72.5^e,f^± 3.8   82.1^a^± 3.8     58.6^c^± 0.9     57.9^c,d^± 3.0     65.3^d,e^± 4.7
  3 mm                   68.2^f^± 1.0     74.2^c^± 3.0     48.7^d^± 2.4     48.4^f,g^± 4.8     53.3^f^± 3.8
  4 mm                   62.2^g^± 2.3     56.5^e^± 3.9     34.4^f^± 3.5     33.1^h^± 2.0       49.3^f^± 2.3

For each composite resin, mean values with the same superscript letters are not statistically different at α = 0.01

[Figure 1](#f01){ref-type="fig"}shows the percentage KHN reduction related to depth of cure. The percentage reduction was uniform up to 2 mm of depth for all evaluated light-curing modes. Below the second millimeter, this reduction was more noticeable for specimens submitted to LED, and remained similar for C and SS modes. From the third millimeter, the reduction was greater for SS group and smaller for the C group.
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DISCUSSION
==========

The existence of a correlation between monomer conversion and microhardness sustains the use of this variable to evaluate depth of cure of restorative composites[@B12],[@B24]. Previous studies have used this methodology[@B03],[@B18],[@B20]. However, great part of the authors employed specimens prepared using metallic or plastic matrices, with different optical properties from dental structures, a fact that may increase or reduce light transmission by light-curing units. Theoretically, this fact may also alter the obtained hardness measurements. In this study, specimens were prepared in cavities cut in human teeth with the purpose of simulating clinical conditions of light transmission that may occur during restorative procedures[@B20].

The depth of cure was assessed by means of percentage comparison of KHN obtained in various depths, so that KHN values for the first millimeter were considered as 100%[@B03],[@B18],[@B22]. The percentage decrease in KHN with increased depths was similar for C and SS modes ([Figure 1](#f01){ref-type="fig"}). From first to second millimeters this decrease was about 7.51% for C and 7.08% for SS groups. From second to third millimeters, the decrease was of 5.08% and 5.46%, and from third to forth millimeters, reductions were of 7.11% and 12.06%, respectively. Besides a uniform percentage reduction, absolute KHN values for both groups were also similar for all depths. Probably, this performance is related to the energy density achieved with both modes[@B10]. Although irradiation from these two sources is different, the final generated energy density was similar: 20 J/cm^2^. This energy density might be enough to achieve satisfactory surface polymerization[@B25]and would justify the observed decrease in deeper layers, where superior doses to 30 J/cm^2^can be necessary[@B09]. Despite their similar performance, it may be advocated that a soft-start polymerization technique is clinically more advantageous. Light-curing of composite materials using modes that gradually irradiate light, resulting in an increased pre-gel polymerization phase, would theoretically allow compensation of polymerization contraction and relaxation of contraction stresses, thus avoiding or reducing crack formation at the tooth-restoration interface[@B04],[@B08],[@B10].

The use of LED within the parameters specified by its manufacturer (Dabi Atlante, Ribeirão Preto, SP, Brazil) had the objective to compare its efficacy with light-curing modes already evaluated in the literature. Although it has an emission spectrum with a peak of 468 nm, corresponding to camphorquinone wavelength[@B14],[@B21], a photoinitiator present in all evaluated composites, its low light irradiance (250mW/cm^2^) may justify the poor performance obtained for this light-curing mode. The calculated energy density considering this parameter and curing period of 40 s was 10 J/cm^2^, an insufficient irradiation to provide effective composite polymerization[@B25]. Besides showing a poorer performance when compared to C and SS modes, LED presented a reduced percentage on KHN values of 34.54% between first and forth millimeters ([Figure 1](#f01){ref-type="fig"}), a result that demonstrates unsatisfactory surface polymerization of the studied materials and increased loss of efficacy depending on the depth of cure. Although other published data from the literature demonstrated satisfactory results for light-curing modes using LEDs, it is important to emphasize that the units employed by the authors were in most part prototypes or had greater number of LEDs, consequently resulting in higher irradiation[@B03],[@B30]. Hence, it is worth to conclude that despite the emission spectrum, LED units with low irradiation should be employed with longer exposure times to achieve necessary energy for an effective polymerization of light-cured composites[@B16],[@B17],[@B18],[@B25].

The depth of cure of restorative composites is influenced by organic and inorganic phases. Some studies demonstrated that increased concentration of filler particles improves hardness and depth of cure of light-cured composites[@B07],[@B29]. This hypothesis confirms the results obtained in this study. The best performance presented by P 60 for C light-curing mode can be related to its highest filler concentration (83% wt). Probably, its organic phase also had influence on this performance. In this material, part of TEGDMA was substituted by UEDMA. UEDMA is a more flexible material than Bis-GMA[@B27], and thus allows higher degree of conversion and forms hydrogen bonds throughout its urethane groups. This may influence the mechanical properties of light-cured composites[@B01]. Despite the similarities between P-60 and Z-250 compositions ([Table 1](#t01){ref-type="table"}), their performance was different. An aspect that may justify this difference regards to the lower concentration in weight of filler particles for Z-250 (77.6%). Considering the different viscosity of both materials, it may be speculated that Bis-GMA, Bis-EMA, TEGDMA and UEDMA concentrations are not the same, and may have influenced the degree of conversion of these materials and their mechanical properties[@B01].

A-110 showed the worst performance, either regarding light-curing modes or depth of cure ([Table 2](#t02){ref-type="table"}). This may be related to its inorganic content. This material presents lower concentration of filler particles (56% wt), with a diameter of approximately 0.04 mm. Particles with these characteristics may increase light scattering and reduce the degree of polymerization of composite resins[@B26]. Theoretically, the nanometric filler particle content present in Supreme would cause the same effect of light scattering as in A-110. However, Supreme\'s behavior was similar to P-60 for SS up to the third millimeter and to Z 250 for C up to the third millimeter and for SS up to the second millimeter. Moreover, the best result for LED light-curing mode was presented by Supreme ([Table 2](#t02){ref-type="table"}). It was hypothesized that the higher concentration of nanometric particles (78.5% wt) and the presence of zircon/silica agglomerations with mean size varying between 0.6 and 1.4 mm may have minimized light scattering. Moreover, the presence of UEDMA in its organic matrix may have had the same influence as described above for P-60.

Except for A-110 with C and SS, P 60 with C and Z 250 with SS and LED light-curing modes, all other groups presented statistically similar KHN values from first to second millimeters ([Table 2](#t02){ref-type="table"}). This finding is in agreement with the classical concept that light-cured composite resins should not be placed in thicker increments than 2 mm. Moreover, the performance of A-110 reinforces the negative influence of micro particles on the depth of cure of composite resins.

Although the obtained results for Admira were already referenced in previous published studies[@B30], it was expected that its high concentration of filler particles (78% wt) would provide a superior performance for this material. It may be speculated that its organic matrix contributed to the observed inferior results. This composite represents a new generation of materials that present ORMOCER matrix (organically modified ceramics). However, more studies are still necessary to correlate the effects of this organic matrix on its depth of cure.

CONCLUSIONS
===========

The results obtained in this study support the proposed hypothesis that monomer composition present in the organic matrix, type and concentration of filler particles and light-curing mode may influence depth of cure of resin composite materials. In addition, it may be concluded that energy density (t (s) x mW/cm^2^= J/cm^2^) is the most important factor on the effective polymerization of light-cured composites, and that material placement in thicker increments than 2 mm should be clinically avoided.
